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A potential future muon collider requires high field solenoids of 30T or more
in the final cooling section. The Magnet Division at Brookhaven National Lab-
oratory has an active research programme to realize this using high temperature
superconductors. A two coil system is presently being build which is designed to
produce 20T or more. The coil design uses a commercially available YBaCuO
superconductor from SuperPower.
It is common practice to co-wind the HTS tape with stainless steel tape. This

is done to provide additional reinforcement to counterbalance the high Lorentz
forces at high fields. In addition, the steel tape can be seen as an insulation
due to the high resistivity.
The steel/HTS structure is not impregnated with epoxy resin, which means

that it is not clear if classical composite theory applies in this case. Bulk
parameters, obtained using the rule of mixtures or the Halphin-Tsai equations,
are potentially incorrect. A further question is that of mechanical slippage: the
friction coefficient between the steel and HTS tape can be assumed to be very
small (metal to metal), so it is not unreasonable to assume that the pancake
may unwind under load and thus withstand much smaller forces and fields.
To investigate this an existing experimental setup was used, which is named

‘exploding pressure vessel test’. This material test is ideally suited to investigate
this, as it allows to subject materials to loading conditions very similar to
that experienced in solenoids in a controlled way. This report describes the
experimental setup and initial results obtained in June 2012.
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1 Introduction

A muon collider is regarded as one of the presently most attractive options for experiments
at unprecedented center of mass energies. In comparison to other competing lepton collider
designs, for example ILC or CLIC, a Muon Collider is smaller while at the same time
delivering more than twice the center of mass energy. A further advantage is the much
lower required wall-power.
However, many sub-systems of a potential future muon collider are technologically very

challenging: this primarily stems from the short lifetime of muons, which dictates fast
acceleration. At present there are various ongoing activities to demonstrate the feasibility
of the different sub-systems.
One of the most challenging parts of a future muon collider is high field solenoids in

excess of 30T for the final cooling of the muons. In principle 30T can be generated using
normal conducting water-cooled electromagnets, but this is very costly in terms of energy
consumption. More efficient is the use of high temperature superconductors (HTS), which
can operate in these field levels.
Currently BNL has an active research programme aiming to deliver a two coil, all-HTS

20T solenoid [3, 8]. The solenoids employ commercially available YBaCuO tape from
SuperPower1.
One of the unanswered questions in this respect is the behaviour of HTS pancakes at high

mechanical loads, which can be expected at the 20–30T level. The HTS tape is co-wound
with stainless steel tape for strength reasons and insulation purposes; this is common
practise and has been shown to work in many fabricated single and double pancakes.
This report is an attempt to study the deformation behaviour of pancakes under a

controlled loading condition similar to that experienced by a real pancake in a magnet.
A particular focus is on potentially arising unraveling of the pancake, as the HTS/steel
structure is usually not impregnated with epoxy resin. It is therefore conceivable that the
friction between HTS and steel tape is not large enough to withstand the force aiming to
unroll the pancake.
The next section deals with a brief theoretical treatment; the following sections describe

the experimental setup used for the experimental investigation and the test results.

2 Theoretical Approach to Friction between HTS Tape

and Steel Insulation

To estimate if the friction between HTS and steel tape are sufficient to withstand a certain
radial force we can do a simple thought experiment. Let’s consider two turns of an arbitrary
material, which are loaded to a stress level σ of 500 MPa, which is similar to what an HTS
tape might experience in a 20–30T magnet.

1SuperPower Inc., 450 Duane Avenue, Schenectady , NY, 12304, USA
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Let t and w be the thickness and the width of the HTS tape; we can now do the thought
experiment of cutting the tape and evaluate the force F which is required to hold both
ends of the tape:

F = σ · t · w = 200N (1)

In order to avoid slipping of the tape a normal force FN has to be applied which is equal
or larger to this force F :

FN =
F

µ
. (2)

In this equation µ is the friction coefficient, which we assume to be 0.2, which is a common
value for a steel-steel contact. Therefore, to avoid slipping the minimum required force is
1000 N, or a uniform pressure of about 0.8 MPa assuming an inner radius of 50 mm and
a tape width of 4 mm.
The theoretical treatment shows that a very small outer pressure is required to prevent

slippage of a HTS/steel pancake, which can easily be provided by applying pre-stress to
the tape.

3 Description of the Exploding Pressure Vessel Setup

To investigate this experimentally a setup known as the ‘exploding pressure vessel’ (or
explo for short) was employed [6, 11]. The main component of the explo setup is a copper
cell, which in its most simple form is a hollow cylinder.
The copper cell is axially fixed by an outer steel clamp. The material which is tested

is wound onto the outside of the cylinder and suitably instrumented using strain gauges.
For the experiment the cell is pressurized, in the original version using oil. The copper cell
is fully annealed and therefore deforms almost entirely plastically. The copper shell then
loads the material to be tested. The stress in the material can be calculated easily from
the applied pressure inside the cell.
While the original version of the explo cell was using oil as a pressurizing medium, a

more recent version uses He gas. He gas has the advantage that experiments at lower
temperatures (77K or 4K) can be carried out without solidifying the pressurizing medium.
This unique experimental setup is available at Oxford University in the UK. Fig. 1 shows
a schematic of the explo cell in the outer clamp.
The Cu cell used for experiments (a picture is shown in Fig. 2) has in inner diameter of

28 mm, an outer diameter of 44.9 mm and a winding length of 30.3 mm.

4 Sample Preparation

Apart from the superconductor, large fractions of the HTS tape normally consists of copper
and hastelloy. The amount of copper is varied for different applications, in order to achieve
better performance or stability. For the experiments two different tapes were used, which
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Figure 1: Sketch of the exploding pressure vessel setup. The sketch shows the copper cell
(‘C’ and ‘D’), the external stainless steel clamp (‘A’ and ‘B’) and additional
support rings to center the cell in the clamp (‘G’). The sample is wound on the
outside of the cell (‘E’); the cell is pressurized by thin capillary (not shown) using
helium gas in space ‘F’.
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Figure 2: Picture of the copper cell on which the test samples are wound.

have been used for pancakes in high field solenoids. The samples were prepared on a special
winding machine which is normally used to wind HTS pancakes. The winding machine
allows to control the tension of the HTS tape accurately. Similar to a real pancake the
HTS tape is co-wound with AISI 304 stainless steel tape. Each explo former is prepared
so that the tape is located in the centre of the winding section.
Samples one, two and three employ a 12 mm wide tape. The total HTS tape thickness

is 162 µm with about 100 µm copper and 62 µm hastelloy. The tape is co-wound with a
50.8 µm thick 304 steel tape of the same width. The tapes are wound at the same time
with a pretension equivalent to 6 and 7 pounds on HTS and steel tape, respectively. 20
turns in total are wound; subsequently the outside of the pancake is painted with epoxy
resin Epon 815C with curing agent Epikure 3140.
Samples four to seven use a 12 mm wide tape with a total thickness of 120 µm (65 µm

copper and 55 µm hastelloy). The tape is co-wound with a 25.4 µm thick 304 steel tape.
The pretension on the HTS-tape and steel tape are 6 and 7 pounds, respectively. After
winding 29 turns the outside of each pancake is painted with epoxy resin Epon 815C with
curing agent Epikure 3140.
The number of turns was chosen so that the radial thickness of the HTS/steel windings

is approximately 4.2 mm. Using the rule of mixtures it was estimated that the bursting
pressure should be between 1–1.5 kbar. The additional space in the winding section was
filled with Zylon, which is a high strength fibre from Toyobo [10]. Subsequently an outer
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Figure 3: Sketch showing the HTS/steel composite wound on the outside of the cell. The
remaining space is filled with a high-strength fibre Zylon. On the outside a 1 mm
thick layer if glass fibre was added.

Figure 4: Geometry of the HTS tape / steel insulation.
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layer of glass fibre is added over the entire winding length to provide initial pre-compression.
Neither the Zylon fibre nor the glass fibre are impregnated with resin. Strain gauges are
attached to the outside of the HTS pancake; the strain gauges (type N11MA512016 from
RS Components) have a gauge factor of 2.1 and a nominal resistance of 120 Ω. The strain
gauges are powered by a stabilized constant current source with a current of 100 mA.
The signal is recorded using a NI USB-6211 DAQ data acquisition unit (16-bit, 250 kS/s,
absolute accuracy better than ±0.0135%). The applied pressure is taken directly from a
calibrated pressure gauge of the explo setup.

5 Finite Element Model

The measurements are compared with finite element simulations. The finite element sim-
ulations are carried out using COMSOL2, which is a commercial ‘Multiphysics’ package.
For the analysis the structural mechanics application mode is employed, which supports
isotropic, anisotropic and non-linear analyses. Isotropic material properties are used for
steel and copper of the explo cell; orthotropic material properties are used for the reinforce-
ment fibres (glass and Zylon). Plastic deformation is considered for copper and steel. The
application mode supports large deformation, which is essential for this simulation due to
the large strains. Thermal effects are not considered. Most of the material properties have
been taken from [13].
For copper a bi-linear stress-strain model is employed. The Young’s modulus is assumed

to be 110 GPa and the Poisson’s ratio 0.35. For elasto-plasticity the yield stress is 75 GPa
and the tangent modulus 2 GPa. In previous analyses it was found that these material
parameters are adequate for soft copper [13]. For the HTS tape likewise a bi-linear stress-
strain model is used. For the conductor with 100 µm copper the Young’s modulus is
87 GPa, the yield stress is 450 MPa and a tangent modulus is 4 GPa [2]. For the HTS
tape with 60 µm copper at room temperature (77K) the Young’s modulus is 120 GPa
(110 GPa), the yield stress is 530 MPa (700 MPa) and the tangent modulus is 6.5 GPa
(10 GPa). The material properties for S2-glass fibre and Zylon are summarized in tables
1 and 2. For AISI 304 (reinforcement tape) we use the material properties from table 3.
Fig. 5 shows an overview of the FEA model. Only the inner cell is modelled; for the

top and lower face a boundary condition is applied which prevents longitudinal movement.
In reality this is ensured by the outer clamp. The figure also shows the winding section,
where each layer of HTS tape is supported by a layer of stainless steel tape. In the model
a gap is included between the winding section and the reinforcement fibre Zylon.
The strain in the model is evaluated at the same position as in the experiment, which

is on the outside of the last turn of the steel reinforcement tape. Fig. 6 shows examples of
the analysis; the left figure shows a deformation plot, showing the radial buckling of the
conductor/steel section. The Zylon reinforced part of the cell shows little or no deformation.

2COMSOL AB, Tegnérgatan 23, SE-111 40 Stockholm, Sweden
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Property Value Unit

E‖ 55 GPa
E⊥ 16 GPa
G 7 GPa
νϕz 0.26 1
νrϕ 0.0756 1
UTS 1.8 GPa
α‖ 2.1 ×10−6 / K
α⊥ 6.3 ×10−6 / K

Table 1: Properties of S2-glass fibre composite (filling factor 70%) after [7]. E denotes the
Young’s modulus, G the sheer modulus, UTS the ultimate tensile strength, ν the
Poisson’s ratio and α the thermal expansion coefficient.

Property Value Unit

E‖ 205 (222) GPa
E⊥ 2.7 GPa
UTS 3.3 / 4.3 GPa
νϕz 0.35 1
νrϕ 0.0461 1
νrz 0.6 1
G 1.29 GPa

Table 2: Mechanical Properties of a Zylon-Epoxy composite (filling factor 78%). Values in
brackets are for 77 K. E denotes the Young’s modulus, G the sheer modulus, UTS
the ultimate tensile strength, ν the Poisson’s ratio and α the thermal expansion
coefficient.

Figure 5: Overview of the simulation model. The right picture shows the winding section,
where each layer of HTS tape is supported by a layer of stainless steel.
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Property Value Unit

Young’s modulus 190 (205-210) GPa
ν 0.28 1
UTS AISI 304 0.6 (1.7) GPa
UTS AISI 304L 0.55 (1.5) GPa
UTS AISI 316 0.6 (1.6) GPa
Yield strength AISI 304 0.2 (0.5) GPa
Yield strength AISI 304L 0.05 (0.2) GPa
Yield strength AISI 316 0.25 (0.7) GPa
εbreak AISI 304 65 (55) %
εbreak AISI 304L 60 (40) %
εbreak AISI 316 65 (30) %
α 14.5 10−6/K

Table 3: Material properties of austenitic steels AISI 304/316 (L). Values in brackets are
for 77 K. E denotes the Young’s modulus, G the sheer modulus, UTS the ultimate
tensile strength, ν the Poisson’s ratio and α the thermal expansion coefficient.

Figure 6: Example results of the finite element model. The left figure shows a 3D rep-
resentation of the deformation, the right figure an example of pressure versus
strain.
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The right figure shows an example plot of applied pressure on the inside of the model versus
strain (on the outside of the last turn of steel tape).

6 Test Procedure

Figure 7: The figure on the left shows the prepared cell ready to go into the outer
clamp. The figure on the right shows the high pressure gas rig from Harwood
Engineering.

For all tests the prepared samples are mounted in the explo cell as shown in Fig. 7 (a).
The cell is connected to the capillary from the Harwood Engineering high pressure rig.
After mounting the pressure inside the cell is increased to about 1.5 kbar. After 1.5 kbar
is reached the valve between the 1st and 2nd stage is closed. The 2nd stage is then operated
until the sample ruptures.
Experiments at low temperatures were conducted as well; for this the entire clamp is

placed in polystyrene bucket and immersed in liquid nitrogen. After about 30 min clamp
and sample are cold, which was verified by visual inspection (no LN2 boil-off). The sample
is then tested as described earlier.
One test was carried out trying to measure the resistance of the HTS coil while pres-

surizing the cell to determine when the superconductor (as opposed to the tape) breaks.
For this one electrical contact was attached to the outside of the tape. The second con-
tact was the copper cell itself. A current of 100 mA was passed though the sample; the
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voltage across the terminals was measured using the NI USB-6211 DAQ (four-terminal
measurement).

7 Results

7.1 Room Temperature Tests Type I

Three cells of Type I were tested at room temperature. It was discovered early on that
cells of Type I fail in an unexpected way in that the tape does not seem to rupture but
rather that the tape seems to lift of from the copper cell. This is shown schematically in
figure 8. To investigate this the 3rd sample was tested in an open-clamp arrangement in
an attempt to record the failure mechanism on video. Unfortunately the open clamp test
failed due to insufficient strength of the tightening rods as shown in Fig. 9. Therefore data
could only obtained for samples 1 and 2.

Figure 8: Failure mode of samples 1–3.
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Figure 9: Open clamp test of sample 3.

�0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (1)

�500

0

500

1000

1500

2000

2500

P
re

ss
u
re

 (
b
a
r)

Cell 1
Cell 2
Simulation

Figure 10: Results of the test of cells 1 and 2 at room temperature. Shown is also the
expected result from the FEA simulation.
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The results of the test is shown in Fig. 10. The figure also shows the expected result
from the FEA simulation. The figure shows that all three curves agree up to a pressure of
about 1 kbar. The strain changes very little in this regime, so the curve sharply increases.
Between one and two kbar all three curves differ; in general, the experimentally obtained
result show much larger strains with pressure than anticipated from the FEA result, which
implies a much softer structure. Both samples failed at a pressure of about 2 kbar. add FEA

result:
expected
failure

7.2 Room Temperature Tests Type II

Two samples of Type II were tested at room temperature. The samples were found to
fail as expected, that is by radially buckling outwards of the HTS/steel tape section. The
failure mode is shown schematically in Fig. 11.

Figure 11: Failure mode of samples 4–7.
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The test results in addition to the expected result from the FEA simulation are shown
in Fig. 12. The figure shows by comparison little variation between the two samples. Up
to a pressure of about 1 kbar the strain on the outside of the HTS/tape structure changes
very little. From 1–1.75 kbar the strain increases more quickly; from 1.75 to 2.5 kbar the
largest strain increase with pressure is observed. Up to a pressure of 1.75 kbar the FEA
simulation predicts a much larger increase of strain with pressure and beyond 1.75 kbar a
smaller one than expected in the samples. In general the agreement between experimental
data and the simulation is rather poor. Both samples failed at a pressure of approximately
2.5 kbar and a strain of 2%.
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Figure 12: Results of the test of cells 4 and 5 at room temperature. Shown is also the
expected result from the FEA simulation.

7.3 Cryogenic Test Type II

Samples 6 and 7 (Type II) were tested at 77 K. The samples failed in a similar way to the
ones at room temperature, that is by buckling of the HTS/steel section radially outwards.
The results of the experiment are shown in Fig. 13; the figure also shows the expected
result from the FEA simulations.
The figure shows up to a pressure of 1 kbar very little response in the strain. From

approximately 1–3 kbar the strain increases more with pressure; from 3 kbar onward the
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Figure 13: Results of the test of cells 6 and 7 at 77K. Shown is also the expected result
from the FEA simulation.
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strain increases dramatically with a small increase in pressure. The samples failed at
a pressure of about 4 kbar and a strain of 3 and 4%. The two samples show a larger
difference in comparison to the two samples at room temperature. The agreement with
the FEA simulations is worse than for room temperature.
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Figure 14: Result of the resistance measurement of sample 7 at 77 K.

During the test of sample 7 it was attempted to determine when the tape stops being
superconducting, which may be different from when the tape breaks. The results of the
test are shown in Fig. 14. The figure shows that during the entire test the tape was normal
conducting; from 0–4 kbar the resistance decreases roughly in a linear manner from 8 Ω to
3.75 Ω.

8 Discussion

In general the obtained experimental results are surprising in more than one respect:
As discussed in section 7, the failure mode of Type I samples differs from the one of

Type II samples. This was consistent during the tests; while at present there is no reason
to believe that this influenced the other results, the cause for this should be determined.
This may have been caused by a tape with a keystone, but the tape is unavailable and can
therefore not be determined anymore.
More important is the fact that the pressure at which failure occurs also differs. This

can potentially be understood by the different volume ratios of different steels. In Type II
samples the fraction of hastelloy is significantly higher (38% versus 29%). Hastelloy C276
has a higher ultimate tensile strength at room temperature than AISI 304 (700 MPa versus
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500 MPa) [9, 1]. However, at lower temperatures the higher 304 ratio may be beneficial
as for the UTS values of 1.5 GPa are reported [4]. Other aspects may also play a role, for
example the number of turns leading to more pre-stress (29 for Type II samples versus 20
for Type I samples). Interesting is also that samples of Type I failed at a strain which is
almost twice as much in comparison to Type II samples (5 % versus 2.25%). The authors
cannot explain this at the moment.
Even more surprising is the fact that at 77 K the strain at break for Type II samples

increases to 3.5%, while at the same time the bursting pressure increases by 60% to 4 kbar.
Normally one would expect a decrease of the strain at break (materials become more brittle
at lower temperatures) and a modest increase of the UTS of about 20–30%. So the observed
increase in strength is more than twice as much as what can be expected.
In general the FEA simulations are in poor agreement with the experimentally obtained

results. A reasonable agreement can only be observed for Type I samples up to about
1 kbar. While some of the ‘softer’ behaviour of the samples can potentially be understood
(for example at higher pressures), Type II samples seem to be stiffer than anticipated. In
general, however, the authors feel that the data obtained in experiments is inconclusive
and further studies are necessary to resolve this.
It is speculation, but the the behaviour could indicate that the individual layers can not

be seen as one mechanical structure. For example, the inner layers could be stressed more
initially, while the outer ones do not see any or very little load. This would lead to the
observed behaviour. Why this would differ for Type I and II is not known.
General slippage of turns or even complete unraveling of an entire pancake was not

observed during the experiments. However, steps in the pressure-strain curves as shown
for example in Fig. 13 could indicate micro slips; further studies are necessary to investigate
this.
For future experiments it might be advisable to redesign the exple cell to minimize or

avoid the use of the high strength fibre Zylon. The present cells were designed for a different
purpose, which is testing of high strength fibres. A re-designed cell could be processed more
quickly, which would minimize the fabrication cost. In addition, potential error modes (for
example the fibre catching the tape and therefore falsifying the results) could be avoided.
More than one strain gauge should be attached to each sample. For example, a strain

gauge on the inner winding and at least one within the windings would yield a spatial
distribution of the strain and could help to understand the results.
It should be attempted to determine when the superconductor itself breaks. It is unclear

why the only attempt during this experimental campaign failed; a likely reason is thermal
shock during cool-down, as no special precautions were made. A second attempt should
be made attempting a more gentle cool-down.
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